Nuclear receptors form a superfamily of ligand-activated transcription factors implicated in various physiological functions from development to homoeostasis. Nuclear receptors share a common evolutionary history revealed by their conserved structure and by their high degree of sequence conservation. Here we
Introduction
Nuclear receptors (NRs) form a superfamily of ligand-activated transcription factors, which regulate various physiological functions, from development or reproduction to homoeostasis and metabolism, in animals (metazoans) [1] . The superfamily contains not only receptors for known ligands but also a large number of so-called orphan receptors for which ligands do not exist or have not been identified. It is not known whether all of these orphan receptors indeed have a ligand, if they activate transcription in a constitutive manner or if they have alternative transcriptional regulation mechanisms [2] .
NRs share a common structural organization with a central, well-conserved DNA-binding domain (DBD; also termed the C domain), a variable N-terminal region (A/B domain), a non-conserved hinge (D domain) and a C-terminal, moderately conserved, ligand-binding domain (LBD, or E domain) [1] (Figure 1 ). The three-dimensional structure has been determined for several NRs, unliganded (apo) or liganded (holo), allowing much better understanding of the mechanisms involved in ligand-binding and transactivation functions. These crystal structures show that the E domain undergoes a major conformational change upon ligand binding, allowing the interaction with co-activators and the transactivation of target genes [3, 4] .
NRs bind as homodimers or heterodimers to the regulatory regions of target genes, usually to the sequence PuGGTCA (where Pu is a purine), called hormone-response element (or HRE). However, mutation, extension and duplication, as well as distinct relative orientations of repeats of this motif, generate response elements that are selective for a given receptor or class of receptors [1] (see also Chapter 5 in this volume).
Liganded NRs include receptors for hydrophobic molecules such as steroid hormones (oestrogens, glucocorticoids, progesterone, mineralocorticoids, androgens, vitamin D, ecdysone, oxysterols, bile acids), retinoic acids, thyroid hormones, fatty acids, leukotrienes and prostagladins. The structural diversity of the ligands contrasts with the conservation and mode of action of their receptors. This and the large number of orphan receptors have prompted much speculation on the origin and evolution of the superfamily. The high degree of conservation between all NRs at the structural level (primary and , which is implicated in transactivation, the DBD (C domain), which is important for DNA-binding and dimerization functions, the variable hinge or D domain, the LBD (E domain), which is implicated in ligand binding, transcriptional regulation and dimerization, and the C-terminal domain or F domain, which is present in some but not all NRs. AD, activation domain; NLS, nuclear-localization signal; AF-2, activation function 2.
tertiary structure) suggests a common evolutionary origin from an ancestral NR whose origin is unknown.
Appearance and diversification of the NR superfamily
The first NR genes were cloned in the mid-1980s; the glucocorticoid receptor (GR) by Evans and colleagues [5] and the oestrogen receptor (ER) by the Chambon laboratory [6] . Since then, many other NRs have been isolated in most animal phyla, all of them showing a high degree of sequence conservation and the same conserved structure. This conservation, the important biological roles of NRs, and the facts that NR genes are good phylogenetic markers and are dispersed in animal genomes, make them an interesting subject for evolutionary studies [7] .
Diversification of the NR superfamily
The phylogeny of the NR superfamily, using either the C or the E domain, separately or together, has been studied by several authors [8] [9] [10] [11] . These studies suggest that the NRs evolved by duplication of a unique common ancestor that contained both the C and E domains. Thus the phylogenetic analysis of the superfamily resulted in a classification into six subfamilies of unequal size [12] . The phylogenetic relationships between subfamilies have been tested and confirmed by high bootstrap values in distance and parsimony analysis (Figure 2 ). This classification was used for an evolution-based nomenclature of the superfamily [13] . The six subfamilies are as follows.
1. A large subfamily containing thyroid hormone receptors (TRs), retinoic acid receptors (RARs), vitamin D receptor (VDR), ecdysone receptor (EcR) and peroxisome-proliferator-activated receptors (PPARs), as well as numerous orphan receptors [ROR (RAR-related orphan receptor), Rev-erb (reverse erbA), CAR (constitutive androstane receptor]. 2. A subfamily containing retinoid X receptor (RXR), chicken ovalbumin upstream promoter-transcription factor (COUP-TF) and hepatocyte nuclear factor 4 (HNF4). 3. The steroid receptor subfamily with ER, GR, mineralocorticoid receptor (MR), progesterone receptor (PR) and androgen receptor (AR), as well as the ERR (oestrogen-receptor-related receptor) orphan receptors. 4. A subfamily containing the NGFI-B (nerve growth factor inducible factor I-B) group of orphan receptors, 5. The SF1 (steroidogenic factor 1) and Drosophila FTZ-F1 ('fushi tarazu' factor 1) subfamily. 6. A small subfamily containing only the GCNF1 (germ cell nuclear factor 1) receptor. Since several subfamilies are present in early metazoans, this suggests that the superfamily underwent an explosive expansion during early metazoan evolution. Moreover, the diversification of the superfamily followed two waves of gene duplication: a first wave, before the deuterostome/protostome split, during the emergence of metazoans, led to the acquisition of the present six subfamilies and the various groups of receptors within each subfamily. The second wave occurred later on after the arthropod/vertebrate split, specifically in vertebrates, producing the paralogous groups within each subfamily (e.g. TR␣ and ␤, RAR␣, ␤ and ␥) [12, 14] (Figure 3 ). This structure of the evolutionary tree is reminiscent of that observed for other gene families such as Hox or Ets [15, 16] . This shows an early period of diversification during metazoan evolution (corresponding to the first wave of gene duplication previously mentioned for NRs) that is not correlated with any known genome duplications, which predates the protostome/deuterostome split, and a late period after the cephalochordate/vertebrate split (corresponding to the previously mentioned second wave of gene duplication of NRs) that is correlated with the genome duplications, initially suggested by Ohno [17] , that took place during vertebrate evolution.
Appearance of the NR superfamily
From an evolutionary point of view, the first questions to be addressed about the origin of the NR superfamily are when and how this superfamily appeared during evolution. In order to answer the first of these questions, we performed a systematic search for NRs by amplifying fragments of the most conserved region, the DBD or C region, in all the animal phyla (metazoa), but also in fungi, plants, algae and protozoa. Our analysis demonstrates that NRs are specific to metazoans since they were found in all the animal phyla tested from diploblastic animals (e.g. cnidarians) [14, 18] [14, 18, 19] . Thus only subfamilies II and V are present in all metazoans, suggesting that the first NR and thus the origin of the superfamily would probably belong to one of these two subfamilies. Two other groups should be mentioned here due to their key evolutionary positions, the sponges and choanoflagellates. The choanoflagellates are the sister group of metazoans, placed at the base of metazoan diversification [20] . No one has yet looked for NRs in the choanoflagellate genome. However, an interesting expressed sequence tag sequencing programme is currently being carried out in choanoflagellates and in the near future we will probably know if NRs are present in these organisms. This will be an important issue for understanding the appearance of the superfamily (Figure 3) .
Sponges are at the base of the metazoan tree and their evolutionary relationships are still debated [21] . We searched for an NR signature by genomic PCR in sponges without any clear positive result [14] . This led us to question the existence of NRs in sponges. Interestingly, an NR has been isolated very recently in the sponge Suberites domuncula, demonstrating that the superfamily already existed within the first metazoans [22] . This NR seems to be clearly a member of subfamily II, even if its precise relationships with the various groups (e.g. RXR, HNF4) of this subfamily is still unclear.
Concerning the question of how the first NR appeared during evolution, no clear signature reminiscent of NRs has been found in other protein families. However, low scores of sequence identity for the LBD and DBD regions of NRs with a peroxisomal membrane protein, Pex11p, and the LIM/GATA zinc-finger domain, respectively, have prompted some groups to suggest that the first NR was constructed by the fusion of two genes encoding these various proteins [23] [24] [25] . In the absence of structural data that can confirm the significance of these low similarity scores, it is hard to draw firm conclusions on this matter. The question of the origin of the first NR is thus still open.
Evolution of the NRs functional characteristics
From a schematic presentation of how an NR functions, it is easy to notice the different functional characteristics that are subject to evolutionary pressure. The main NR functional characteristics are the mode of DNA recognition (i.e. monomers, homodimers or heterodimers with RXR), the different HREs recognized (i.e. palindromes, direct repeats, inverted repeats), the different ligands bound by the NRs, or their orphan versus liganded status, and the corepressor-co-activator interactions. In the following discussion we will examine these various functional characteristics of NRs from an evolutionary point of view.
Evolutionary studies of the interaction of NRs with co-repressors or coactivators have not yet been performed, and thus we do not know whether these co-regulators and these protein-protein interactions are evolutionarily conserved or not. The only NR-specific co-regulators known to date from nonvertebrate organisms are a co-repressor (silencing mediator of repressed transcription, or SMRTER) [26] and a co-activator (Taiman) [27] in Drosophila melanogaster. Both SMRTER and Taiman show a low degree of sequence conservation when compared with their vertebrate orthologues, nuclear receptor co-repressor (NCoR) and the p160/steroid receptor co-activator family (SRC) respectively. Moreover, in both cases the conservation is restricted to specific domains of the two proteins and not to the whole length. SMRTER shows 35% sequence conservation with the SNOR domain of NCoR and Taiman shows 50% sequence conservation with the basic helix-loop-helix domain of steroid receptor co-activator proteins. It is also well known that NRs are able to activate transcription in yeast despite the fact that there are no NR genes in its genome. However, if we look, using sequence comparison, for NR-specific coregulators within the yeast genome, we do not obtain any clear orthologue. On the other hand, it has been demonstrated that GR and ER interact directly with the yeast proteins SWI/SNF and Spt6. These are proteins from the yeast Ada complex. The Ada complex activates transcription, either through the modification of chromatin structure via the histone acetyltranferase activity of its subunit GCN5 (a yeast transcriptional co-activator), or by interacting with the TATA-box-binding protein in the proximal promoter region. We observe that the yeast GCN5 protein shows 40% sequence identity with the human p300/CBP-associated factor [where CBP means cAMP-response-element-binding protein (CREB)-binding protein]. For SWI/SNF, the human orthologues (i.e. chromatin-remodelling factors BRG1 and BRM) show 30% sequence iden-tity with the yeast protein. But the co-regulators p300/CBP-associated factor, BRG1 and BRM are not specific for NRs and are also involved in other geneexpression-control pathways. All these observations suggest that the first NR, as well as other transcription factors, recruited pre-existing transcriptional regulators in the common ancestor of all metazoans to regulate transcription, and later, the NR-specific co-regulators evolved specifically in metazoans.
What do we find if we correlate the other functional characteristics of NRs with their evolutionary history? Some of the characteristics of NRs, such as dimerization and DNA-binding abilities, correlate well with the phylogenetic position of a given NR within the tree (Figure 2 ). For example, steroid receptors, such as ER or GR, all bind as homodimers to palindromic elements. The closely related Rev-erb and ROR orphan receptors bind as monomers or dimers to the same response elements. Most if not all RXR-interacting receptors belong to subfamilies I (e.g. TR, RAR, PPAR and VDR) and IV (NGFI-B), suggesting that this characteristic is a shared derived character (i.e. synapomorphy) uniting these two subfamilies. This correlation between the phylogenetic position of a given NR and some functional characteristics suggests a common evolutionary history.
Strikingly, such a correlation is not found when the ligand-binding abilities of the receptors are compared with phylogeny ( Figure 2 ). The phylogenetic position of a receptor is clearly not correlated with the chemical nature of its ligand or even with its liganded versus orphan status. For example, the evolutionarily closely related receptors of subfamily I (TRs, RARs, PPARs and VDRs) bind ligands originating from totally different biosynthetic pathways. Conversely, RAR (subfamily I) and RXR (subfamily II), which are not evolutionarily closely related, bind similar ligands (all-trans and 9-cis retinoic acid respectively). And finally, orphan receptors are not clustered in a specific subfamily, but spread through the whole phylogenetic tree of the NR superfamily. This situation could be explained by an independent gain of ligand-binding capacity several times during NR evolution, specifically in each branch of the tree [2] (Figure 4 ). This hypothesis implies that the ancestral NR was orphan and thus its activation was not produced by the ligand binding. It is now well accepted that signals other than the ligand itself can regulate NR activity [28] . For example, the epidermal growth factor receptor signalling activates ER and its target genes in an oestrogen-independent manner through a specific phosphorylation of serine 118 of ER [29] . Similarly, dopamine is also capable of activating PR in a ligand-independent manner [30] . The three-dimensional structure of the orphan receptor NUR-related receptor 1 (NURR1) provides an example of a LBD that does not have enough space for a ligand, even if its native conformation parallels that of the active form of liganded NRs. Moreover, NURR1 activity is dependent on its AF2-AD (activation function 2-activation domain) and its regulation is associated with a ligand-independent structural transition of its LBD, similar to the apo-to-holo transition of liganded receptors. This structural transition is probably regulated by a crosstalk with the mitogen-activated protein kinase signalling pathway [31] . This example strongly suggests that authentic orphan receptors, regulated by a ligand-independent conformational change, really exist. Other possibilities such as the interaction of the NR LBD with other proteins, resulting in an appropriate conformation for interaction with co-activators, cannot be excluded. For example, it has been shown that the bicoid-related homeobox protein Ptx1 regulates the orphan NR SF1 through an interaction that mimics the role of the ligand [32] . Finally, it should be noted here that orphan receptors usually contain a conserved LBD with an AF2-AD domain and a conserved three-dimensional structure [4] , suggesting that an evolutionary pressure (other than ligand binding) exists for the conservation of such a structure.
It has recently been shown that some orphan NRs, such as HNF4 [33] or USP (ultraspiracle) [34, 35] , constitutively bind fatty acids. USP is in a constitutive inactive conformation and HNF4 is a constitutive activator. Taking these new data into account, it has been proposed that the original NR did bind a lipophilic compound as an integral component of the protein structure [36] . The constitutively bound fatty acid in that case could not be considered as a real ligand that is able to induce a switch on the activity of the receptor. So the question is: what is a ligand? An NR ligand is a small hydrophobic molecule that binds directly to the LBD and promotes a structural rearrange- Liganded ment allowing the AF2-AD to interact with transcriptional co-regulators that will connect the NR to the basic transcriptional machinery, resulting in the transcriptional stimulation/silencing of target genes. In this sense, the fatty acids found in USP or HNF4 should be considered as cofactors rather than ligands, similar to the haem group of haemoglobin. Moreover, if the ancestral NR contained a structural molecule (like USP and HNF4), this structural constraint could help to explain the high level of sequence and structure conservation between all NRs. From this, we can easily hypothesize how real ligand regulation evolved: from cofactors such as the fatty acid in the HNF4 LBD that provide a previous step in the evolutionary pathway, from ligandindependent to real ligand-regulated receptors.
Comparative genomics of NRs
The availability of complete genome sequences provides a unique opportunity to understand the various steps that have led to the present-day diversity of NRs. From these data, it is clear that fungi (Saccharomyces cerevisiae [37] , Schizosaccharmyces pombe [38] , Encephalitozoon cuniculi [39] ), plants (Arabidopsis thaliana [40] , Oryza sativa [41] ) or protists (Plasmodium falciparum [42] ) do not contain NRs, even if some short matches with high scores were reported with FASTA homology searches. This confirms that NRs are specific to metazoans.
In the last few years, complete genome sequences have been determined for different species of metazoans: Caenorhabditis elegans [43] (a nematode), Drosophila [44] and Anopheles [45] (insects), Ciona intestinalis [46] (urochordate), Takifugu rubripes [47] and Tetraodon nigroviridis [48] (fishes), mouse [49] and human [50] (mammals). It is now possible to study the whole set of NRs for a given organism in a systematic way. We can thus study the coding sequences, the gene structure, the chromosomic position and the promoter sequences for all the NRs of a single organism. Moreover, the availability of complete genome sequences allows the identification of all the members of the NR superfamily for each species without limitations imposed by temporal, spatial or quantitative aspects of mRNA expression. The whole set of NRs has been reported for some of these metazoans, such as Drosophila, C. elegans and human with some striking results.
The Drosophila genome contains a low number of NRs (21; including four previously unknown, ERR, GCNF, photoreceptor-specific nuclear receptor and one that lacks a mammalian orthologue, DSF). The situation is very different in the genome of the nematode worm C. elegans, the first metazoan whose genome was completely sequenced [43] . Indeed, about 270 NR sequences have been found in this genome [51] . If clear homologues with mammalian or Drosophila sequences were found for a minority of these receptors, most of them share an evolutionary origin and harbour no peculiar similarity with NRs from other organisms (Robinson-Rechavi, M., Maina, C.V., Gissendanner, C.R., Laudet, V. and Sluder, A., unpublished work). This suggests that these numerous receptors evolved through an extensive series of gene duplications that arose specifically in the nematode lineage [52] . The reason for this striking proliferation is still a matter of speculation. In contrast to the nematode, and in accordance with the data available in Drosophila, the human genome appears to contain 48 NRs [53] . Moreover, the study of the human genome allowed us to discover a previously unknown FXR␤ (farnesoid receptor ␤)gene that shows a high degree of sequence conservation with FXR␣ as well as conservation of the exon-intron structure, but some in-frame stop codons. Expressed Sequence Tags corresponding to this FXR␤ were also found, allowing us to hypothesize that this FXR␤ gene may have lost its function in humans. Indeed, later on, an FXR␤ orthologue has been found as a functional gene in the mouse and other mammals [54] . Thus the results obtained with FXR␣-knockout mice should be revisited, since the signalling pathway in which the FXRs are implicated is not completely abrogated in these animals. The mouse thus contains 49 functional NR genes.
Differences between NRs from insects, the nematode and mammals are extremely interesting and can provide important clues to the understanding of the evolution of the superfamily and some specific functions such as the ligandbinding capacity. For example, NRs such as RAR, TR or PPAR have only been found in deuterostomes and are not present in Drosophila or C. elegans. But is this absence due to a specific loss of such receptors in these two extremely divergent animals, or did RAR, TR and PPAR appear specifically in the deuterostome lineage?
However, due to the evolutionary distance between protostomes and humans, the study of protostomian NRs cannot be easily extrapolated to humans (e.g. role in development, implication in diseases such as cancer or diabetes). Thus genomes from other deuterostomes that are evolutionarily closer to humans will be more informative for the comparative study of NR function in vertebrates. Thus sequenced genomes of vertebrates such as human, mouse and the fishes Fugu and Tetraodon will allow us to compare the NR enhancer regions and discover important motifs for the conserved functions of NRs in vertebrates.
Another recently reported deuterostome genome sequence is that of the sea squirt (C. intestinalis). Sea squirts or ascidians are deuterostome metazoans distantly related to humans. Up to now, they represent the closest sequenced invertebrate genome to the vertebrates. A complete set of 17 NRs (plus one pseudogene) has been reported in C. intestinalis, containing a representative of most of the human NR subfamilies that are not present in Drosophila, such as RAR, PPAR or TR, suggesting that the ancestral functions controlled by these receptors evolved together with the deuterostome evolutionary lineage. But the absence of an orthologue of the steroid receptors (AR, MR, GR, PR and ER) raises the question of the evolution of the steroid signalling pathways in vertebrates.
Conclusions and perspectives
Great amounts of data concerning expression, function, interactions and evolution have been accumulated in the last two decades for many NRs in mammals. However, the more we know, the more questions that arise about the different functional properties of NRs. One of the most studied questions that will certainly be strongly developed in the next years concerns the mode of action of orphan receptors. Do they have a natural ligand? If not, how are they activated? How is their activity modulated? One important way to understand the function of orphan receptors will probably be the comparative study of their activity and their three-dimensional structures with liganded NRs in their apo and holo forms.
The new tools available in this 'genomics' era will certainly help to clarify the functions of NRs in vivo. For example, the bioinformatic comparison of regulatory regions of orthologues and paralogues from different species (i.e. the so-called phylogenetic footprinting) is likely to identify new enhancers. Expression studies of the whole set of NRs and their co-regulators for a specific organism at different physiological status or following different pharmacological treatments, by using DNA chips, will show how and which NRs and co-regulators are up-or down-regulated, allowing new hypotheses to be tested about their interactions.
From an evolutionary point of view, phylogenetic studies have used specific genes to understand either the evolution of a gene family or to infer the evolution of species. However, an area of much current interest is the mechanism of metazoan genome evolution. In this context, the high degree of sequence conservation between NRs (i.e. it is easy to clone NRs from different metazoans by PCR), their dispersed position in animal genomes (thus representing an unbiased sample of sequences) and their duplication history, make an excellent tool for the study of the evolution of animal genomes as a whole [7] .
A new field in which NRs will certainly play an important role in the coming years is the field of comparative genomics. The use of evolutionary related organisms, placed at key positions of the phylogenetic tree, as we have seen with the sea squirt, will allow us to understand the appearance and evolution of important hormonal regulatory pathways (e.g. the steroids). In the future, these genomic studies should be extended to other species that could be even more informative. Thus to understand the evolution of steroid regulatory pathways, the characterization of NRs of the two main evolutionary lineages that diverged between sea squirts (with no steroid receptors) and craniates (with the four classical steroid receptors; AR, MR, GR and PR) will be very helpful. The first is the closest invertebrate to vertebrates, the amphioxus, which is much less divergent compared with vertebrates than ascidians. The amphioxus whole NR data set will give us the answer about the appearance of steroid receptors in the vertebrate lineage. And the second key organism is the lamprey (in which two steroid receptors have been isolated [55, 56] ). The functional characterization of steroid receptors within the deuterosmes [none in ascidian, not known in amphioxus, two in lampreys and four (AR, GR, PR and MR) in vertebrates] will shed light on the evolution of the ligand-binding specificity of the four craniate steroid receptors and the evolution of their physiological roles.
Concerning the other main triploblastic lineage, the protostomes ( Figure  3 ), the study of NRs from a lophotrocozoan and comparison with NRs from the ecdysozoans (i.e. Anopheles, Drosophila), will provide further insight into how NRs evolved in protostomes. Do both lineages share the same set of NRs, meaning that probably they also share similar regulatory pathways? One example is the only protosmian receptor with a known ligand (20-hydroxyecdysone for EcR). The question is open about the evolution of ecdysone-controlled metamorphosis (ecdysis) in protostomes. Even though a peak of ecdysone precedes metamorphosis in the lophotrocozoan Schistosoma mansoni [57] , as occurs in ecdysozoa, we failed to isolate an EcR in this trematode [14] . So, apparently EcR is specific to ecdysozoans, and we could hypothesize that even if the ecdysone-controlled metamorphosis predates the evolution of EcR, EcR appeared and evolved specifically in ecdysozoans, subsequently acquiring the capacity to bind ecdysone and to control metamorphosis [58] . The only way to answer this question directly will be to demonstrate the absence of EcR in lophotrocozoans by a whole-genomesequence approach. 
Summary

